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INTRODUCTION

This annual report by the U. S. Forest Products Laboratory covers develop-
ments in the program of research in plastics for aircraft conducted by the
Lý-bratnrv dur:inu the fiscal year 1952. Actually. however, since it is the
first such report prepared during several years of research, effort has been
made to summarize work on all projects included in the current program.
some of which were concluded before the 1952 fiscal year began. This re-
port. therefore, is intended to serve as a convenient reference for the status
of the entire current research program. It is planned that future annual
reports will cover only those project* and items on which work wars done
during a given fiscal year.

Item I. -- Mechanical Prowpertie. of Parallel-laminated Laminates

This project is designed to furnish data on the strength properties of parallel-
laminatcd laminates in the wet and dry condition. Twenty-one different lami-
nates are involved, of which the majority are glass fabrics laminated with
polyester resin. The other laminates are glass mat with polyester resin (one),
glass fabric with phenolic resin (two), and cotton cloth with phenolic resin
(one).-

Report No. 1820 (February 1951) presents the results of tent-on, compression.
bendting and atear tests of 14 haminated plastic materials. Tests of laminates
were trsade after the specimens had been subjected to normal or to wet con-
ditionlng. The mechanical properties of the laminates, both dry and wet, are
presented in the form of tables and by average stress-strain curves. The
results of the glass-fabric-polyester laminates are considered to be typical
of laminates made with any polyester remin conforming to U. S. Air Force
Specification 1Z049 and a specific glass fabric with finish 114. The mechanical
properties of such laminates are substantially reduced after exposukre to wet
atr-nospheric conditions.

Tests of the remaining laminates are going forward.
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Ites 2. - Mechanicai P roPerties oa !Amin..tes Not ktaratLei-aaminateii

Va.:Aoue fabrics. and thus the parallel larr.mintes rnkde fror. 'hem, have
dtfferent properties. The properties ot Poine parallel lawiinites alD
- epend upon the direction of application of the stress with respuri to the
warp direction of the fabric. Laminates having nearly &sty desired combina-
tion of properties may therefore be formed by combining fabrics or by cross
laminating. The number of possible combinations is so large that empirical
determinatfoh of properties is impractical.

This project was designed to develop procedures for predicting the strength
properties of cros-!emiarn.ed or composite laminates from the properties
of parallel laminates of the component fabrics, and to test the vaiidity of
these p-ocedures by comparison of predicted strength properties for a
number of laminates with strength properties found by test. Three types of
laminates werm tested: (1) Cross laminates of wach of three different fab-
Tice; (Z) a parallel laminate consisting of alternating layers oa diUerent
fabrics; and (3) parallel laminates consisting of A core of ont fabric with
facing* of varying thicknesses of another fabric.

Report No. lSZl (February 1951) shows that the properties of glass-fabric
laminates may be varied by varying the orientation of the laminations or by
combining laminations of differing properties. Reported are the results
of tests of cross laminates of three fabrics varying in strength parallel and
perpendicular to their warp. Also tested was a parallel laminate combining
two of these fabrics in alternate laminations. Methods are given for pre-
dicting the properties of the laminates tested, based on properties of
parallel laminates.

Work on the third type of laminate is under way.

Item 3- -..Mechaical Properties of Two Laminates at Angles to the Ortho-
tropic Axes

It has been suggested that glass-fabric laminates might be treated as an
orthotropic material, and that the general elastic equatiori and interaction

iormula ap ~L~i&'* to pli-wo=1 rnight ei_!"Olai y be u4srd for this material
Report No. 1803 (April 1949) presents a study of the elastic and strength
properttes of a lglass-fabric laminate made of 181-114 fearic. a switn-weave
fabric of sbout equal strength in the warp and fill directions. Tests were
made at various anglies to the grain. ^n specimens so proportiorted as to
preclde buckling or failure because of elastic instability. Comparisons



-. ...--. ,-~... m. ,hg.r0,i.Pt-iral values in tension. compressio.,

and *hear are presentme_. Aloo included in the report are data showing
the effect of grain direction upOn the bearing, edgewi.ee-sheay-. and

rnteg~&sfa.,L- ,propert.i e --f the material.

Supplement 1803-A (April 1950) presents the results of tension, compres-
eson,. and @hear tests of two other glass-fabric-base plastic laminates
similarly tested. The 112-114 laminate discussed in this supplement is
mad of a pJmin--'-.e fa.bric hatsnw a warp-ta-fill atrength iatio of about
3 to 2. and the 143-114 laminate is ra-ade of a unidirectional-weave fabric
having a warp-to-fill strength ratio of about 11 to 1. Thus, these laminates
represent three glass fabrics having entirely different properties. Except
for the panel-shear test values, there was good correlation between the
experimental and theoretical values. The difficulty of making an accurate
shear test is recognised, and it may be that the computed shear values are
more nearly correct than those measured by the shear tests.

Item 4. -- Mechanical Properties of a Laminate Designed to be Isotropic

While the usual glass-fabric-reinforcad laminates are orthotropic in
character, the individual plies can be arranged in such a way as to produce
a laminate which is essentially isotropic. Mathematical analysis of a
method for ronstruction of an isotropic laminate has been completed.

Item 5. -- Bearinig Strength of Three Laminates Under Tension LoadinA

Report No. 1824 (Juie '951) presents the results of about 400 bolt-bearing
tests of three glass-fabric-base plastic laminates made wita a polyester
resin conforming to U. S. Air Force Specification 12049. The laminates
were either 1/4 or 1/8 inch thick and were tested at angles of 0'. 90", and
4S* to the warp direction, aD/t ratios of I and 4, and in both the dry and the
wet conditions. Included are data on the bolt-bearing properties of the
materials and on the effect of end or edge dietances. The laminates were
reinforced with glais fabrics of widely different properties, so that some
d.ffirenceq in bearing properties might be expected. The end and edge
distamces required to preclude failure to the ena or edge oi ihc *pe,,,
were substantially different for the three laminates. However. an end
distance of 4D and edge distance of 24/2ZD were large enough to prevent
such failures. regardless of the fabric used

With adequate en-41 e•Ige distances. tbe stresses at proportional limit ond at
maximum load were (I) higheet at the low Dit ratio, (2) highest when lami-
nates 1were tested in the dry condition. and (3) about the earrns at 45* as at
01 or 90"
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items fi,&.-ia !- K : ý i "ACs Tr",int of

Scarf joints and lap joirta in two glass-i bric-base plastix- laminates were
tested in trnsicu, nJ :n ccMprees!nn. !-. each catse the joints we're made
between ewcttons of the cured laminate. The scarf-joir4 tests involved a
variety of gluing techniques and adhesive. as -well as a range of scarf
slope*. The lap joints were- made with several gluing techniques &-and in
lengths ut to 3-1lZ inches.

As reported in Report No. 1818 (October 1950) the scarf-joint teste indicated
that the efficiencies that could be attained depended on the adhesive used and
the technique of using it, as well as on scarf slope. For a given slope.
efficiencles appear to be higher in compression than in tension. Efficiencies
in tension ranging up to 70 to 80 percent at a ,scarf slope of i in 28 were
obtained with one adhesive when tested in the dry condition. After exposure
Uo high humidity, efficiencies were ahout 10 percent lower than for joints
tested in the dry condition. Choice of a different adhesive permitted attain-
meet of efficiencies as high as 90 percent iW the dry condition and 80 per-
cent in the wet condition at a slope of I in 20.

Lap joints are inefficient in transmitting tensile stress. Even with lap
lengths of 3-112 inches, only avout one-fourth to one-third of the tensile
strength of the laminate could be developed. In compression, however.
efficiencies of 60 to 80 percent were found at this lap length. At the 3-1/2-
inch length, the majority of the specimens did not fail in the joint when
teoted in compression.

Item S. -- Effect of Defects in Laminute. on Tensile and Compressive Strength
of a Typical Laminate

Report No. 1814 (June 1950) presents results of SZ tension and 5Z compression
tests made to determine the effect of defects on the mechanical properties of
a glass-fabric -base plastic laminate- Because even carefully controlled
fabricating procedures result in occasional defects, some indication of the
effect of these defects on the strength of the laminate is dtsirable.

Seven laminated panels were fabricated for these tests: one controi panel,
one with high resin content, two with low resin content, one with surface
wrintkles, one with butt Joints, and one with lap joints.

Af increase in resin cobAte--t resulted in iower values of modulus of elasticity.
ý?roporttcnaI litnit, and altmnate stress in tension, and a lower modulus of

wavc ft1s I'



ir nivitDressior.. 'h-)Weve1.
:.ncreased w-th intrcesed reasin content within the range of retin co; ent
tented Surface wri.nklre lo~tr the strength in tension and coripreae,-..-
r&nd the deeper ihc wrincthALV LLS gretzter i-a th-. -rd4_%ttion_ Buit joints lower
!h- tensile strength of the laminate but the compressive strength (within
hln.ts) is not appreciably -flected- If a single butt joint occurred in a six-
ply laminate, the tensile strength at the joint would be about five-sixths of
the! tensile strength where the plies were continuous. Lap joints, in general,
would be expectei i luiwr thit t...ile -treng!h rf thr larminate, and the
reduction would depend upon the efficiency of the particular joint. An
increase in length of lap would be expected to raise the efficiency. The
compressive strength (-oithin limits) does not appear to be appreciably
affected.

Item 9. -- E~fect of Prestressing in Tension or Compression ort the Mechan-
ical Properties of Two Laminates

Report No. 1811 (September 1950) presents the results of 36 teneion and 45
compression tests made on two glass-fabric-base plastic lamiuites. The
laminated specimen3 were prestressed to various percen't. of the ultimatT
stress. and a study was made of the effect of this prestressin on the mechan-
ical properties and set. All tests were made after normal conditioning of the
specimens.

The tests showed that with 181-114 laminate, reaiA 2, which might be consid-
ered a typical glass-fabric-base plastic laminate, the stress-strain curve of
the materiel after it had been prestressed in tension was different from the
stress-strain curve obtained on the first application of stress. Thus. for
lamizates of this ýype, the results indicate that the values of modulus of elas-
ticity and of proportional li .-it, as calculated from the usual tensile stress-
strain curve, may be considerably in error once the material has been
stressed beyond the initial proportional limit. The 143-114 laminate, resin 2,
on the other hand, showed the same type of stress-strain curve whether or not
prestressed. The tensile strength of neither type appears to be affected by
prestressing.

The compressive properties of the two laminates were not appreciably &•i•tier
by prestressing. The greater the degree of prestressing in tension or com-
pression. the greater was the observed set. However, the set is of small
absolute magnitude

A supplementary report. No 1811-A (June 1951). presents the results o0f 18
tension tests in -hach each specimen was prestressed once prior to the test to
failure Fouz different laminates were tested. tui both the wet and dry condition
and the test results verify the conclusmons given :n Report No. 1811.



1~ - - Effec i of Spar.-acktb Raito Upon Mechanical Proper ties

.'- -- r'-r. r n! •rF:!.• itests Ai a tvyotcal .lass-fabr-c -base tlastic

.. :_.rr were made to determrine the effcot oi span-dcpth ratio arAd thick-
L,-i• *'r. t-xe fuethani.t al properties obtained from test. Three thicknesses

• ;a:r•..~.ar.•e 36. 1 4, and i/? inch, were Irted at npan-deuth ratios

•-cr:. 2+,+ - +. 3- A ,-x ,-n,: f ;tn', ,onpr-aS ,..e tests were included for
n a: tiners of laminate

.ri e it.ts Oj th.e tr*tq, a- 18ývr'n in Report No 1807 (June. 1949), show that

.. Cr r.+•:r..qs a raptt.rc . crra•-- w-xh an increase in span-depth ratio or
kbvth an increase in thickness of the laminate, and the modulus of elasticity

;rit terses slithtiy ",w,.th ian inc rease in span-depth ratio. For any given

span-depth ratio, the mod"ul=ia of rupture was markedly lower the thicker
the material, even though the tensile and compresaive properties. Barcol

h-ardnet, rewtin content, ard specific gravity were closely comparable for

aii three thicknesses At a span-depth ratio of 16 to 1, the moduli of

rupture were about 67, 000. 59, 000. and 52, 000 pounds per square inch for

approximately 0. 074. 0 27. and 0- 53 inch thicknesses, respectively.

Item A. -- Fatigue Properties of Glass-fabric-base Plastic Laminates

Subjected to Axial Loading

Fatigue data are important to the proper design of aircraft structures. This

project was designed to furnish data on the fatigue properties of three typical

laminates and to evaluate the effects of such factors as high-humidity

exposure. stress risers, and magnitude of mean stress. Dead-load tests
werle included in the project to furnish data on stress in tension versus time

to failure on one material

Report No 1$Z3 (May 1952) shows for the typical laminates tested, fatigue
strengths at 10 million cycles on the order of one-fourth of the static tensile
strength, with notches causing about 3 to 6 percent additional reduction in

strength At 10 million cycles, moisture had no affect on fatigue strength,
although it did at smaller numbers of cycles. Tests at mean stresses other

than zero rounited ian i&~rlaUtlower tataiu, •*..r•.- ..

Results of dead load tests have not yet been mcorporated into a report

_AX- .I,. nt JF



Lam-nate 8

Data from tests of tniwcd-.. coonstructicAns with th I'sin, plastic-larmirate fac-
,ngs indicated that the compressive strength properties developed were
c onsiderably below thos,' developed in tests of lamirstes 1/8 t# 1,/4 inch
in thmckness This project was desiqned to obtain a preliminary evalua-
tton of strength differences amoig laminates of various thicknesses for

-2 - Te4a~nu AI£4m s . Alm, A. A140,

and 0 045 inch thick were made for comparis-on with a laminate 1/4 inch
thick In addition to laminates made between platens, sandwich construc-
t~ons with laminate facings on honeycomb and balsa yores were made to
evaluate the effect of method of manufacture.

Tczst results, not yet available in report form, indicate strength reduc-
tions with decreasing thickness for thicknesses below about 1/16 inch
For greater thicknesses, no consistent trend is apparent. No apparent
difference between facings &nd laminates was found.

Item C. -- Ef:ect of Exposure to Various Relhtive Humidities on the
Flexural Proprties and Weight Increase of a Polyester
Glass-fabric-base Laminate

Moisture absorbed by a glass-fabric-polyester lamina-e exposed to
temperatures of 730 F. to 100" F. and 50 to 100 percent relative humidity
in controlled tests caused, the flexural properties of the laminate to decrease.
The relationship of strength to moisture absorption, it was found, is not a
straight-line function; the rate of decrease in strength is greatest at the
initial incytase in moisture content. Results are covered in Report No.
1819 (October 1950).

Item D -- Effect of Different Catalysts and Different Amounts of Styrene
Monomer on the Strength and Durability Properties of Glass-
cloth Laminates

Stat%,.- bending and Izod impact teats were made to determine how the strength
and dura&ilIty of glass-cloth plastic laminates were affected when the resin
fnrmulation was varied to to cur.ng conditions, amounts of catalyst znd
accelerator, and amounts of styrene monomer added to the resin Laminates
made wvth -hnree typical polyester resins were tested after various types of
exposure Reslti are given in Rteport No 182; (f-arch 19iZ)

WOVYr 4%Cn_9



.fi-'l alal r~&v;vt or' increasing or -ierreasing the stffk

rn-nornirr caniert frnrr Otc mariufacntirers L-4 -0-!nr ,
typ:i-ai resin iormulations used tic make glasis-cloth plaitic laminates
resulted in r•ativ•y,, amral rhanges in static bending strength for the test
conditions studied Decreasing the catalyra content by 50 percertCr•s-a.ted
in some lase in bending strength at standard conditions, after water
immersion, after cyclic exposure, and after 1/1 h.:ur at 160" F. Heat-
csring combinations of catalyst and resin (using manufacturers' 'recoammea-
dations) ,ppwa 4 to t*p-e,_le better laminates than the room-temperature-
curing combiantions.

In most cieas a reductia.n in bending strength resulted from exposure to
the weather, elevated temperatures, immersion in water, and a cyclic
exposure of u&hernating high and low relative humidity at 175" F. The
reductions due to exposure were greater than the effects reaultng from
variations in catalyst and styrene monomer content. The modulus of
alasticity was affected le4st by these exposures; the modulus oi rupture was
decreased considerably more; and the strength at proportional limit was
reduced most.

Item E. -- PreParati of ANC-17 Bulletin

The original ANC-17 Bulletin, issued in 1943, is very much out of date,
since many of the modern structural plastics ate not covered. Data from
the Forest Products Laboratory, other laboratories, and the technical
hiterature are being reviewed for possible inclusion in a revised edition
of ANC-17.



ISSUED BY U. 5. FOREST PRODUCTS LABORATORY
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1803 Directional Properties of Glass-fabric-base Plastic Laminiate
Panels of Sizes that do not Buckle. 1949.

Equations der•ved from the theory of elasticity are given
for the evaluation of the elastic properties at angles to the
natural axes of the material. An interaction equation is
suggested for the evaluation of the strength properties. These
equations are shown to agree reasonably well with test results.

1803-A Supplement to Directional Properties of Glass-fabric-base Plastic
Laminate Pp.tls of Sises that do not Buckle. 1950.

Experimental and theoretical values of the directional
properties of two glass-fabric-base rltrzic laminates are com-
pared in tension, compression, and ctear. The theoretical
analysts has row been applied to three laminates having entirely
different properties and, with licnitations, should be applicable
to other laminates reinforced with glass fabric.

1807 Effect of Span-depth Ratio and Thickness on the Mechanical
Properties of a Typical Glass-fabric-base Plastic Laminate as
Determined by Bend•ng Tests. 1949.

Results of tests indicate that the modulus of rupture
decreases with an increase in span-depth ratio or with an
increase in thickness of the bending specimens; and that the
modulus of elasticity increatsa slightly with an increase in
span-depth ratio.

1811 Lffect of Prestressing an Tension or Compression on the M•echan-
ical Properties of Two Glass-fabric-base Plastic Laminates.
1950.

Results of tension tests of plastic laminates indicate thait the
stresp-mtrain relationship between the first and subsequent appli-

cations of load may be 4&tfe:ent. Values of proportional limit and
modulus of elasticity, based on the usual strea-s&train curve,
may be considerably in error for a .*-.rsai under se5vic• _n-.'i-
tions

.V rnr 
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L ... - Effect of Prebttcaira iiya Tvwzorn or Coirnprtssx.Vi
on the Mechancal Propertres of Iwv '-tautiý -
Plastic -

Pre vtjms tests of two laminates, outlined in. the origi.-ii

re,-'_r (No '1li) indicated that streus-strain relationships may

be different between the first and subsequent applications of

load. A few additional tension tests of four laminates, in dry
and wet conditions, verify the previous conclusions.

1814 Effect of Defects on the Tensile and Compressive Properties of
a Glass-fabric-base Plastic Laminate. 1950.

Results of tension and compression tests of laminated

panels having defects are presented in this report. Defects

include (1) high resin content, (2) low resin content, (3) surface
wrinkles, (4) butt joints, and (5) lap joints.

isle Strength of Scarf and Lap Joints in Glass-fabric-base Plastic

Laminates. 1950.
Scarf and lap joints. made between sections of cured

laminate, were tested in tension and compression using various
leng-ths of joints and a variety of gluing techniques. Tests were

made after both dry and wet conditioning, and efficiencies of

the various combinations are given in this report.

1819 Effect of Moisture Absorption on Flexural Properties of a Giass-

fabric-•o•yester Laminate. 1950.
A glass-fabric laminate made with a polyester-type lami-

r-ating raein was tested in flexure after exposure conditions

ranging from S0 percent relative humidity to water immersion.
Strength propcrties decreased with increasing amounts of

absorbed water, the greater rate of decrease accompanying
smaller absorptlonsi modmdus of elasticity was relatively

unaffected

1820 Mechanical Properties of Plastic Lamn.nates. L951.
Presents the rwtsu.ts of tension, compression, bending, and

chear tests of 14 laminated plastic materials. Each laminate

was reii-forced with a singie iair&L. p--d wz _ -l•,rd

Test* were made after both normal and wet conditioning.

1621 Mechanical Properties of Craoss-la.nino.ted and Composite Glass-

fabric-base Plastic La-minates. 1951.
Reports the resuaits of te--- or crass lamnrates of thr.e 4.abicia

varytni in strength parallel aiý4 perpendicuiar t their warp. Also

lB ~ t0



a ....... ; .1,,l i init,,, rombining two of theme fabrics.

Mr td.s are given for predicting the properties of au,.h lamh -
nates based on the properties of parallel laminates.

1kA2 Fatigue Trests of Glass-fab-uic-bs L..am.in.ate-.. Su.c.ted t
Axial Loading. 1952.

Fatigue properties of three plaetic laminates, made from
typical glass-fabric bases and polyester-type resin, wereabgial-ed "if ... i a,•oa..d -.W r-N ,-rvpm abtained between I

thousand and 10 million cycles, show the rffect on fatigue
strength of notch, cooling, warp direction, various mean
stresses, or a combination of these.

1824 Bolt-'½earing Properties of Glass-fabric-base Plastic Laminates.
1951.

Presents resultA of about 400 bolt-bearing tests of three
laminates, tested under dry and wet conditions, including
data on the effects of end and edge distances.

18Ž5 Effect of Different Catalysts and Amounts of Styrene Monomer
on Strength and Durability of Glass-cloth Plastic Laminates.
195Z

Test results show that the type of catalyst and amosnts of
styrene can be varied over an appreciable range without
seriously affecting the strength or durability of laminates made
with a typical polyester resin.

S1.6 Strength of Ortbotrolpc Materirls Subjected to Combined Stresses.
1-950.

Tea Snkyr-vwm Rises Theor7 of energy• s used to obtain
a theory of strength of orthotroic tntorini• subject to
combined stresses. S-wuntitn- naro then deducod frc the theory
to Trjitct t1* str.wrth of ortIotro;4c matrials, (sth as
rplnvtic lielnetes), str-e'ced urinxin1l"y Ft vrriou-s Arlre to
tPha rturra ;Qxd of teA rtater,•l. Ztwhe ecunaticns Are mho,6,n

Pv re .t fY~IA.~ ten'$t v.;1titS.
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